Wireless driving of a micromirror device is achieved by electromagnetic excitation tuned to the mechanical resonance of the mirror rotation. The micromirror used is designed for low-voltage-driving. Static mirror rotation angle is 7.7 deg. at 12 V bias. The micromirror is connected to a coil for receiving the driving energy through electromagnetic induction. Magnetic field of 19.3 mT at the surface of the first coil induces 0.6 V at the second coil that is 24 mm apart from the first coil. An LC resonance circuit is incorporated in the second coil system to enhance the induced voltage. The LC resonance frequency is tuned to induce the mechanical resonance of the micromirror device. When the separation distance between the first and second coils is 24 mm, the voltage induced by the LC resonance is 1.43 V. Mirror rotation angle is 0.3 deg. for half stroke is achieved. It is expected that the rotation angle is expanded by increasing the Q factors of the electrical circuit and mechanical resonance of the micromirror. These will be achieved by reducing the loss in the electrical circuits and packaging the micromirror device in vacuum with hermetic seal.
Introduction
Wireless energy supply is required when the energy supply by an electrical cable connection or a battery cannot be used or should be avoided. In medical applications, there are strong demands for the wireless energy supply. Methods of wireless energy supply are characterized in Table 1 . Optical light is used to transfer energy through photovoltaic effect [1] . However, the method requires directly irradiating target devices. When the target devices exist inside the human body, surface of the body blocks the irradiating. Optical fiber is necessary to transfer the optical light. This restricts the range of application. Electric field is widely used for wireless energy supply. RF oscillation is used for power supply [2] . When signal waves of the electric field are supplied to target devices inside the body, we should consider the attenuation of the electric field by the electrolyte materials in the body. Compared to the electric field, magnetic field has an advantage of permeability into the human body. The magnetic field is used to diagnose inside body of a patient in Magnetic Resonance Imaging (MRI) system [3] . Information of the patient is obtained from the cross sectional image of the patient's body. Electromagnetic induction has been used in wireless energy supply. So far, wireless power supply to artificial hearts system is proposed [4, 5] . Use of magnetic field is promising
With the development of microfabrication techniques, it has been suggested to use micro-electro-mechanical systems (MEMS) in the medical apparatus. In terms of size and power consumption, MEMS is suitable for the application such as endoscope systems [1, [6] [7] [8] [9] [10] . Endoscopes are necessary to obtain views inside human body for the minimally invasive medical treatments. Conventional rigid endoscopes have view angle of 70 deg. [11] . To obtain the view over the view angle, the body of the endoscope has to be tilted. Because the rigid endoscope is not flexible, tilting of the endoscope is sometimes restricted. Capsule endoscopes are also proposed [7, 8] . They are promising for the minimal invasion. However, it is difficult to obtain wide views at will from the imaging cameras fixed within the capsule endoscopes. Posture control and propulsion in the human body are the technical challenges for the capsule endoscopes. To obtain the wide view, the movable imaging systems should be incorporated in the endoscopes. So far, micromirror devices are proposed to obtain the views inside the human body [1, 9, 10] . A micromirror is a device that scans optical light to image onto a screen. Schematic drawing of viewing inside the human body with the micromirror devices is shown in Fig. 1 . The micromirrors are incorporated at the port of the endoscope to scan viewing fields inside the human body. Here, let us consider the method suitable for the micromirror actuation inside the human body. There are several methods for actuating the MEMS devices such as electrostatic, piezoelectric, thermal and electromagnetic methods. Characteristics of those actuation methods are compared in Table. 2. Electromagnetic method requires high power [12] . In the thermal method, the actuator part is heated to high temperature for deformation [13] . The heat generation should be treated carefully inside the human body [13] . Although piezoelectric driving achieves low power consumption [14] , it includes toxic materials such as lead, which is harmful to human body. In terms of low power consumption, electrostatic driving is considered to be a promising method [1, 9, [15] [16] [17] . However, some of the MEMS micromirror requires several tens of voltage for its actuation. Such high voltage biasing includes the risk of hurting the human body by the electrical shocks. When electrical cables are used for power supply, attentions should be paid for cover-coatings of the electrical cables. We must suppress the electrical leakage to cause electrical shocks in vivo.
One of the approaches to avoid the above risk is power supply through optical method [1] , although optical fiber is necessary to supply energy to the device. Another approach is wireless energy supply using electromagnetic induction. Considering that some people have a pacemaker inside their body, the strength of the magnetic field should be low not so as to cause failure of the pacemaker including the medical devices around the patient. Therefore, remaining technical challenge is actuation of the micromirror device by small powers. There are few reports on the wireless driving on micromirror devices. One of the reasons is that conventional micromirror devices require about 100 V at the most for actuation. So far, we have realized low-voltage-driving micromirror by improving the structural design of the micromiror device [15] [16] [17] . Energy required for the actuation is transferred to the device inside the human body through the skin (sum of the thicknesses of epidermis and dermis: 1-2 mm) [18] and subcutaneous fat (thickness: 20-40 mm) [19, 20] . It is necessary to improve the efficiencies of power receiving and device actuation. In the present study, using the low-voltage-driving micromirror device, wireless driving is investigated. To achieve the micromirror actuation by small power, electromagnetic induction with LC resonance circuit and mechanical resonance of the micromirror are used. 
Experimental methods

Micromirror device
Electrostatically driven micromirror devices are actuated by applying voltages between the mirrors and counter electrodes. Rotation angle of the mirror is determined by the balance between the electrostatic force and spring force of torsion bars that suspend the micromirror. Schematic drawing of our micromirror device is shown in Fig. 2(a) . Fabrication process of the device is described in detail in ref. 17 . A silicon-on-insulator (SOI) wafer is used. The SOI wafer is consisted of three layers; 10µm device Si, 2µm buried oxide, and 200µm handle Si. Poly-Si film is deposited on the SOI wafer by low pressure chemical vapor deposition. Residual stress of the poly-Si film is tensile of 300-400MPa [17] . The poly-Si film was etched using a photoresist mask. The thin-film torsion bar and the vertical comb drive actuator were fabricated using isotropic and anisotropic plasma etchings of Si. The Si layer around the torsion bar was underetched by the isotropic etching of Si. The thin film torsion bar of poly-Si was released from the substrate. Dimensions of the torsion bar were 200µm × 5µm × 0.3µm. Torsional rigidity was reduced by decreasing the thickness of the torsion bar. Anisotropic Si etching was carried out to pattern the structures of micromirror and comb drive actuator. Those structures were released from the substrate by etching the sacrificial layer of SiO 2 . After removing the photoresist, Cr and Au were deposited for making the electrical connection. Dimensions of the micromirror were 150µm × 114µm × 10µm. Resonance frequency f of mirror rotation was calculated from [15, 16] , where k θ is spring constant for torsion, I is inertial moment of micromirror, G is modulus of rigidity (65GPa), w, l, and t are width, length, and thickness of torsion bar, respectively. Using the dimensions of torsion bar and micromirror, the resonance frequency is calculated to 780Hz. Adding tension in the torsion bar generates non-linear spring property in the torsion bar and makes the micromirror rigid to vertical displacement. Pull-in phenomena is suppressed and range of the mirror rotation is expanded [15, 16] . The fabricated micromirror could rotate 7.7 degrees at 12V bias at static condition [17] whereas the conventional micromirror requires about 100 V at the most for its rotation [9] . Electrical wires are contacted with the micromirror device for the preliminary experiments of the wireless driving. The wires are not connected to any voltage source [ Fig.  2(a) ]. The micromirror device is set to a floating condition. The connected wires function as antennae. When human hand approaches to the wires, the micromirror is rotated as shown in Fig. 2(b) and (c). This indicates that subtle power of the electrostatic energy can rotate the low-voltage-driving micromirror. Frequency dependence of the rotation angle of the micromirror is shown in Fig. 3 . The rotation angle is around 1 deg. in the low frequency bias condition (less than 300 Hz). Around the frequency of 700 Hz, the micromirror shows mechanical resonance. The rotation angle increases to 6 deg. The observed resonance frequency agrees well with the calculated resonance frequency (770 Hz). With the further increase in driving frequency, the mirror rotation angle decreases to around 1 deg. Q factors are calculated from the full width at the half maximum. Q factor of the mirror rotation resonance is evaluated to 7 under the atmosphere. Driving the micromirror at mechanical resonance frequency is suitable to obtain large rotation angle.
Experimental setup for wireless driving
Experimental setup for the wireless driving is shown in Fig. 4 . Experiments are carried out under the atmosphere. Two coils (271 mH) of 12 mm in diameter and 10 mm in length are used. A ceramic capacitor (0.7 µF) is connected to the second coil in parallel to increase the induced voltage. Diameters of the electromagnet cores are 8 mm. Sinusoidal signal from a function generator (NF, BA4825) is amplified by a power amp (NF, WF1946A). The peak-to-peak output voltage is 50V. Offset of the sinusoidal wave is set to zero. The output frequency is varied from 10 Hz to 1 kHz. The amplified voltage is supplied to the first coil. The magnetic field generated by the first coil induces a voltage at the second coil system with the LC resonance circuit. The induced voltage is monitored by an oscilloscope (Tektronix, TDS2004B). Whenever fingers are put between the coils, the induced voltage is almost unchanged. Mirror rotation angle is measured by optical lever method [15, 16] . 
Results
Magnetic flux density is measured as a function of distance from the surface of the core of the electromagnetic coil as shown in Fig. 5 . Magnetic flux density of 19.4 mT is generated on a surface of the core of the electromagnetic coil at the applied current of 288 mA. The generated magnetic field monotonically decreases moving away from the core surface. The magnetic flux decreases to approximately 1 mT at 24mm. With regard to the magnetic field used in medical application, magnetic resonance imaging (MRI) uses 1.5−3 T to diagnose the human body [3, 21] . Magneto-therapeutic device for muscle stiffness (e.g. magnetic necklace for health care) uses 55−180mT [22] . Compared with those applications, the generated magnetic flux density in the setup is quite low.
Before driving the micromirror device by the electromagnetic induction, the micromirror rotation is confirmed by connecting the device with an AC power supply. Figure 6 shows the mirror rotation and applied voltage. Although the period of applied voltage is 1 Hz, the period of mirror rotation is 2 Hz. The micromirror rotates two times during one cycle of the AC voltage. It is explained that the electrostatic force is attractive for both positive and negative biasing. In order to increase the voltage induced, a capacitor is connected to the second coil in parallel. Doubled LC resonance frequency is expected to match with the mechanical resonance frequency of the micromirror around 700 Hz. The induced voltage at the second coil is measured as shown in Fig. 7 . Without the LC resonance circuit, a broad peak is observed around 300Hz. The peak voltage is 0.6 V. With the LC resonance circuit, the peak voltage increase to 1.43 V. The enhancement factor is 2.4. Q factor of the resonance is evaluated to almost 1. One reason for the low Q factor is considered to be iron loss at the electromagnetic coil. Figure 8 shows the induced voltage as a function of distance between first and second coils. The induced voltage decreases monotonically, which corresponds well with the decrease in the magnetic flux density generated by the first coil (Fig. 5) . The micromirror is driven by the wireless energy transfer using electromagnetic induction. The mirror rotation angle is measured as a function of the distance between the first and second coils as shown in Fig. 9 . With increase in the distance, rotation angle decreases. Mirror rotation angle of 0.3 deg. is achieved at the distance of 24 mm. Since the experiments are carried out under atmospheric condition, the micromirror rotation is affected by the air under the atmospheric condition. When the mirror driving is carried out in vacuum condition, larger mirror rotation angle is expected.
Discussions
The rotation angles of electrostatically driven micromirrors that were incorporated in a endoscopes system where energy was supplied by optical method were reported to 10 deg. [1] . Let us estimate how far our micromirror device will rotate by the wireless energy transfer through the subcutaneous tissues. The transferring length is supposed to 40 mm from the thickness including subcutaneous fat [18] [19] [20] . The magnetic field has an advantage of permeability into the human body [3] . In MRI, deep inside the human body is visualized as cross sectional images by using the magnetic field. Attenuation of the magnetic field is small during the transfer. From the extrapolation of rotation angle curve shown in Fig. 9 , the micromirror device used would rotate 0.015 deg. at the distance of 40 mm between the first and second coils. In the previous section, two loss factors are indicated in driving the micromirror. One is the loss of the electrical circuit in the power receiving second coil system, which is attributed to the iron loss in the electromagnetic coil. The Q factor is expected to increase to 10 by suppressing the iron loss. The other factor is the damping loss of the micromirror rotation under atmospheric condition, which will be improved by driving the micromirror in vacuum. Under the vacuum condition, Q factor of the MEMS device driving easily reaches to 1000 [23, 24] . This is achieved by packaging the micromirror device such as hermetic seal [24, 25] . Taking the expected Q factors into the consideration, the mirror rotation angle is evaluated by multiplying the enhancement factor by the increased Q factor with the rotation angle of 0.015 deg. 
Conclusions
Wireless micromirror driving is achieved by electromagnetic induction using LC resonance. The LC resonance circuit increases the induced voltages by 2.4 times. The micromirror rotation shows doubled oscillation to the driving voltage frequency. The frequency of the LC resonance is tuned so that the doubled frequency induces the mechanical resonance of the micromirror. Rotation angle of 0.3 deg. in half stroke is achieved at the distance of 24 mm between the first and second coils. Larger rotation angle is expected by increasing the Q factors of electrical and mechanical resonances.
